This paper describes results of tests dedicated to studying -in simulated environmental conditions -operation of a battery pack designed for powering unmanned aircraft systems. In particular, the tests concerned determining the electrical parameters of battery packs, with and without radiators, during their operation in changing environmental conditions and resistance to large temperature fluctuations. Amicell, a high density lithium polymer battery manufactured by the Israeli Amit Industries ltd., was selected for testing. The test results present characteristics of the batteries tested in different temperatures and allow for designing and trying out proper battery protections against environmental conditions, with the intention to attain continuous and correct operation. The tests have been carried out in the accredited Environmental Test Laboratory which is part of the Department of Avionics of the Institute of Aviation in Poland.
characteristics were presented: changes of capacity, voltage, and current in the time function, depending on the environment temperature [1 -6] .
The object of testing was verified in respect to parameter functionality and stability in the environmental conditions corresponding to those in which drones operate. The main measurements concerned voltage and current, as well as temperature between particular cells in the battery pack, in accordance with the requirements designed for the batteries meant for powering the drone's electrical motor. The purpose of the test under discussion was to establish the battery's resistance to high temperatures which can occur during the waiting period before take-off from a runway and to low temperatures which can occur at the drone's flight ceiling [7 -14] .
The test results will be used for the verification of calculations and validation of the mathematical models relating to the design of a battery package dedicated to drone powering, as well as heat exchange analysis. The test results will also become the basis for the development of adequate cooling/ heating systems for battery packs, as required in the changing environmental conditions [15 -17] .
The completed tests relied on validated research methods and current substantive testing supervision provided by the members of the Environmental Test Laboratory.
testing Methods

technical data of Batteries
The lithium polymer battery, model ABLP5274JOHG, manufactured by the Israeli Amit Industries Ltd. [18] , was selected for testing. The battery is characterized by several features which distinguish it from many other lithium polymer systems available on the market, including e.g. high energy density of about 250 Wh/kg. Fig. 1 presents the dimensions of the Amit single cell battery, and Table 1 presents the reported nominal technical characteristics. Fig. 1 . Battery dimensions [18] The first battery pack was composed of nine lithium polymer cells connected in series. In addition, thermally conductive tapes were attached to both sides of each cell. The battery pack was coated with Airex thermal insulation foam [19] . The first tested pack did not have any radiators. Figure 2 presents view of the battery pack structure covered by Airex T92 insulation foam (in the back), thus operating near-adiabatically. The second battery pack was also composed of 9 Amit lithium polymer cells. Thermally conductive tapes were attached to both sides of each cell. In addition, the battery pack was fitted with aluminium plates between each cell to function as radiators, and this battery pack was simulated near-isothermal operation.
test description
The tests conducted in an environmental chamber (Excal 7728-HE, model 8242) to control ambient temperature by increasing or decreasing the temperature every 10K, within the studied temperature range of -30°C to +40°C. Each temperature change of the environmental chamber was followed by a period of time to allow the battery pack temperature to reach the controlled temperature (30÷60 minutes). Next, parameters were measured by one full charge/discharge cycle with direct current. This was done at each temperature.
test Bench
The tests were carried out in the accredited Environmental Test Laboratory which is part of the Department of Avionics of the Institute of Aviation in Poland. In addition, a battery charge/discharge system designed in the Institute of Aviation was used to measure voltage under controlled current operation with computer data acquisition. To prevent a sudden battery temperature increase that would pose the hazard of damage, automatic interruption of the power supply was installed. Such a thermal protection for battery charge/discharge was assured by eight temperature sensors.
The test bench was prepared for obtaining electrical characteristics in various environmental conditions. The test bench was designed in a way allowing for electrical measurements of the battery pack and resistance to increased temperature, decreased temperature, cyclic temperature changes, sudden temperature drops, and thermal shocks in the environmental chamber. The test bench was equipped with a battery charge/discharge system composed of the following modules: • battery charge/discharge controller, • monitoring system to measure voltage and temperature at particular batteries, with the temperature reading accuracy of 1K, • eight temperature sensors for thermal tests and thermal protections for battery charge/discharge, • power supply controlled by the charge controller. The power supply operated as a controlled source required for battery charging, • load for battery discharge, • battery pack, • thermal coating made of Airex thermal insulation foam, • multimeter, • PC computer collecting logs from the controller. It also turns the battery charge/discharge on and off, using proper current, • Excal 7728-HE, model 8242, environmental chamber. Figure 3 shows view of the test bench.
testing description
Battery pack tests were conducted in two stages: Stage I: at ambient temperature of 20°C and various temperatures (near adiabatic), Stage II: under controlled (near-isothermal) conditions in order to determine the effect of temperature on performance.
The tests were conducted in an environmental chamber, in the ambient temperature set at 20°C. Three charge/discharge cycles were conducted in that temperature for three different discharge currents (0.5C; 1C; and 2C).
Stage I: Battery Pack One, without a Radiator in the Environmental Chamber
The tests were conducted in various environmental conditions for various discharge currents, 0.5C, 1C, and 2C.
No test was made at +40°C, because overheating occurred at +30°C during the discharge process. The battery pack was also discharged with 4.5A (0.5C) and 9A (1C) currents in the low temperature of -20°C.
The conditions of Stage I are presented in table 2. Stage II: Battery Pack Two, near isothermal condition using a Radiator in the Environmental Chamber
The battery pack was composed of the same batteries, with thermally conductive pads and additional aluminium plates serving as radiators removing heat from the battery pack. The tests were conducted in various environmental conditions, in the temperatures of +30°C and +40°C, for various discharge currents: 0.5 C, 1 C, and 2 C.
The conditions of Stage II are presented in table 3. The battery pack after being charged was placed in an environmental chamber, with the required temperature, for 1 hour in order for the temperature to stabilize. Next, the battery was discharged in the same temperature with the set current (that was a single full test cycle). Data recording was carried out with the use of a computer application LogView. Consequently, the influence of the surrounding temperature on the battery data was tested and it could be compared to the results of the tests conducted in ambient temperature.
resuLts
Stage I: Battery Pack One, without a Radiator in the Environmental Chamber Measurements of Battery Pack One, without a radiator, taken at +20°C. Fig. 4 . presents a voltage drop during the battery pack discharge in the ambient temperature of +20°C, using the currents of 4.5 A, 9 A , and 18 A.
A comparison of discharge results, with various currents and in the same temperature. Fig. 6 presents the voltage drop during discharge in the temperature of -10°C and at 4.5, 9, and 18 A. Fig. 7 presents the voltage drop during discharge in the temperature of 0°C and at 4.5, 9, and 18 A. Fig. 8 presents the voltage drop during discharge in the temperature of 30°C and at 4.5, 9, and 18 A. Fig. 9 presents the voltage drop during discharge at different temperatures at 4.5A. Fig. 10 presents the voltage drop during discharge at various currents 4.5, 9A and 18A. Stage II: battery pack two, near isothermal condition using a radiator in the environmental chamber
The battery pack with a radiator was tested at two temperatures: 30°C and 40°C. The graphs below present the comparisons of discharge data, with various currents and at the same temperature. Fig. 11 presents the voltage drop during discharge in the temperature of 30°C and at 4.5, 9, and 18 A. Fig. 12 presents the voltage drop during discharge at the temperature of 40°C ad at 4.5, 9, and 18 A. Fig. 13 presents the voltage drop during discharge at the temperature of 30°C ad at 4.5, 9, and 18 A. Fig. 14 presents the voltage drop during discharge at the temperature of 40°C and at 4.5, 9, and 18 A. Fig. 15 presents the voltage drop during discharge at the temperature of 40°C and at 4.5A.
A comparison of test results of the batteries with and without radiators
Discharge with 4.5 A (0.5C) Fig. 16 presents a comparison of the capacity and temperature changes, with and without a radiator, at 30°C and with 4.5 A. Fig. 17 presents a comparison of the capacity and temperature changes, with and without a radiator, at 30°C and with 9A. Fig. 18 presents a comparison of the capacity and temperature changes, with and without a radiator, at 30°C and with 18 A.
Discharge with 9 A (1C)
Discharge with 18 A (2C)
The collection of all the results presented in one graph (Fig. 21.) . Fig. 19 presents a comparison of the capacity and temperature changes, with and without a radiator, at 30°C and with the currents of 4.5, 9, and 18 A, respectively. 
concLusions
The completed tests indicate that the temperature changes between particular batteries in a pack composed of nine cells, ranged from 0° to 2°C, depending on the applied current. The uneven temperature distribution should not affect the battery operation.
Stage I: battery pack one, without a radiator in the environmental chamber
The tests were conducted in an environmental chamber at the temperature set for 20°C. Three battery charge/discharge cycles were conducted at that temperature using three different discharge currents (0.5C; 1C; and 2C). The ambient temperature tests indicated that overheating occurred when the battery pack was discharged with 2C. In the case of discharging the pack with 2C, the pack obtained the highest temperature of more than 70°C, which exceeded the maximum allowed discharge temperature determined in the manufacturer's technical specification (60°C). When the battery pack was discharged with 1C, the highest temperature reached more than 55°C, and more than 40°C with 0.5 C.
The tests were conducted in various environmental conditions, from -20 to +30°C and with various discharge currents: 0.5C, 1C, and 2C. No test was conducted at +40°C because the battery pack was overheated during discharge at +30°C. At +30°C, the battery pack temperature increased to 60°C when the pack was discharged with 1C and 2C. In that temperature, the programmed protection set at 60°C did not allow for further temperature increase. When the battery pack was discharged with 0.5C, the maximum pack temperature reached about 48°C. About 95% of the pack's capacity was preserved in those conditions. At 0°C and with 18 A discharge current, the pack obtained the maximum allowed temperature of about 60°C. With 9 A, the pack's temperature reached 50°C, and with 4.5 A, the temperature reached about 30°C. When the pack was discharged with either Fig. 19 . Comparison of the test results, with various currents at 30°C, with and without a radiator [Mazur, 2014] 0.5C, 1C or 2C, the capacity was maintained at the level of 85%. At the temperature of -10°C and with the discharge current of 18A, the battery pack obtained the maximum allowed temperature of about 60°C. With 9A, the pack's temperature reached above 50°C, and with 4.5A, the temperature reached more than 30°C. When the pack was discharged with either 0.5 C, 1 C or 2 C, the capacity was preserved at the level of 85%. At low temperature (-20°C), the battery pack was discharged only with 4.5 and 9A. In that temperature and with the discharge current of 9A, the battery pack reached 50°C, which allowed for maintaining 85% capacity. However, with the 4.5A discharge current, the pack reached 30°C maintaining only 80% of the pack's capacity.
Depending on temperature and the selected discharge current, the highest capacity was maintained as follows:
• with the discharge current of 4. In the remaining temperatures: below 80% capacity The above considerations suggest that the highest capacity can be maintained when discharging the battery at 20°C, 30°C, and 0°C. High performance at 0°C may result from the fact that the heat generated during the battery discharge was adequate to ensure proper thermal conditions for particular cells. The tests conducted on single batteries indicated that capacity was much lower at 0°C.
Stage II: Battery Pack Two, near isothermal condition using a Radiator in the Environmental Chamber
The tests were conducted in various environmental conditions at +30°C and +40°C, with various discharge currents: 0.5 C, 1C, and 2C. At 30°C and with 18A, the battery pack obtained the maximum allowed temperature of more than 50°C. With 9A and at 40°C, and with 4.5A, the pack's temperature reached about 35°C. When the pack was discharged with 0.5 C, capacity was maintained at the level of 80%.
• With 1 C discharge current, capacity was maintained at the level of 75%.
• With 2 C discharge current, capacity was maintained at the level of 50%.
At 40°C and the discharge current of 18A, the package obtained the maximum allowed temperature of about 60°C. At 9A, more than 50°C, and at 4.5A, more than 45°C. At the discharge current of 0.5C, capacity was maintained at the level of 80%.
• with the discharge current of 4. At 30°C: 55% capacity The differences in capacity may result from the fact that the batteries used in the first test (without radiators) were also applied in the second pack (with radiators) and in the second test. Discharge in a low temperature (-20°C) may cause durable reduction of the capacity of particular batteries.
Comparison of Battery Pack Test Results
When analysing the battery's capacity depending on the discharge current value, the maximum energy can be obtained by discharging the battery with the current of 0.5C and 1C (the battery's capacity is similar in both cases). However, when 2C was selected, the value of obtained energy drops by about 10% (in comparison to the total/original capacity). By the application of higher discharge currents, lower battery capacity was obtained. However, in order to use the maximum capacity, we should apply the discharge currents below 1 C. Consequently, the minimum battery capacity should be associated with the maximum value of the discharge current required for a drone system. For an exemplary drone, the values can be: nominal value of 16A and momentary value of 20÷30A. Therefore, the nominal capacity should amount to 30Ah not to exceed the discharge current of 1C. Assuming the discharge current value of 1C, the battery will be discharged in one hour. The momentary current will be used for several minutes at most.
A chemical reaction that generates electrons to supply the current of the battery, proceeds more slowly and lower current is produced when the battery is used at a low temperature. Low temperatures will cause decrease in battery capacity however can extend battery life during storage. Warming up the battery will restore its normal operation. Altitude also affects batteries negatively, especially above about 4,500m in a non-pressurized cabin. If a battery is exposed to extreme weather conditions it may stop working, bulge, bubble, melt, cause damage, smoke, create sparks, create flames, expand, contract, and or even blow-up in very extreme cases. The combination of a rapid temperature change and low pressure can cause a potential hazard for the battery.
However, operating a battery at high temperatures temporarily improves performance by lowering the internal resistance and speeding up the chemical kinetics but also stresses the battery and reduces service life. Cold temperature increases the internal resistance and decreases the capacity.
The above conditions will be used for designing a proper battery cooling system. The conditions indicate that cooling is an indispensable element of the battery pack under consideration.
